Abstract The pentachlorophenol (PCP) adsorbed granular activated carbon (GAC) was treated by dielectric barrier discharge (DBD) plasma. The effects of DBD plasma on the structure of GAC and PCP decomposition were analyzed by N2 adsorption, thermogravimetric, scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and gas chromatographymass spectrometry (GC-MS). The experimental data of adsorption kinetics and thermodynamics of PCP on GAC were fitted with different kinetics and isotherm models, respectively. The results indicate that the types of N2 adsorption isotherm of GAC are not changed by DBD plasma, while the specific surface area and pore volume increase after DBD plasma treatment. It is found that the weight loss of the saturated GAC is the highest, on the contrary, the weight loss of DBD treated GAC is the least because of reduced PCP residue on the GAC. The XPS spectra and SEM image suggest that some PCP on the GAC is removed by DBD plasma, and the surface of GAC treated by DBD plasma presents irregular and heterogeneous morphology. The GC-MS identification of by-products shows that two main dechlorination intermediate products, tetrachlorophenol and trichlorophenol, are distinguished. The fitting results of experimental data of adsorption kinetics and thermodynamics indicate that the pseudo-first-order and pseudo-second order models can be used for the prediction of the kinetics of virgin GAC and DBD treated GAC for PCP adsorption, and the Langmuir isotherm model fits better with the data of adsorption isotherm than the Freundlich isotherm in the adsorption of PCP on virgin GAC and DBD treated GAC.
Introduction
Pentachlorophenol (PCP) can be very toxic to the human body because it can be absorbed into the body by ingestion, inhalation and through the skin [1∼3] . Human exposure to high levels of PCP was reported to result in an increase in body temperature, liver defects, damage to the immune system, reproductive defects, and developmental problems [1] , while severe exposure of PCP could cause an acute and occasionally fatal illness mainly due to the cytotoxicity of PCP as an inhibitor of oxidative phosphorylation [2, 3] . Therefore, PCP was assigned as a possible carcinogen in humans by the International Agency for Research on Cancer [4] and the US Environmental Protection Agency [5] . Although the purchase and use of PCP have been banned in many countries since 1984, PCP still threatens the ecology and environmental safety severely as PCP can only be slowly degraded by sunlight and a few microorganisms, therefore it is stable and persistent in the environment. The residual PCP can be found everywhere in the environment including the air, water, and soil [1, 2] . The adsorption on activated carbon (AC) is reported as one of the best available technologies for removing chlorinated-phenol compounds from water solutions because of its high adsorption capacity [6] . However, the adsorption by AC is not the final pollutants disposal method, resulting only in the transition of the toxic organic substances from the liquid or gas phase to the solid phase. In addition, AC is relatively expensive and easily saturated, thus it would not only be non-economic but also bring about environmental secondary pollution if the exhausted AC is not treated effectively [7] . Therefore, degradation of pollutants adsorbed by AC and reuse of AC should be considered simultaneously as it may be of economic importance when AC is widely used in pollution control processes.
Dielectric barrier discharge (DBD) plasma technology [8] is a new technology that has attracted the interest of scientists all over the world in recent years because of its unique advantages. It is widely used in research regarding the sterilization of bacteria in soil [9] , activation of polymers [10] , cleaning and modification of material surfaces [11∼13] , O 3 generation [14] and so on. One of the most important uses of DBD plasma technology is in environmental pollution control because it can generate various active species (ions, radicals, O 3 , etc.), which can react with most of the target compounds rapidly [15∼18] . The main objectives of this work are to investigate the effects of DBD plasma treatment on AC to increase AC's re-adsorption capacity and to understand the AC's adsorption characteristics resulting from DBD treatment.
Experiment

Materials
The commercial columned coal-based granular activated carbon (GAC) manufactured by Tianjin Chemical Reagent Factory was used in this study. Prior to use, the sample of carbon was immersed in 0.1 mol/L NaOH solutions for 24 h and heated in boiling water for 30 min, washed repeatedly with deionized water to remove fine particles and impurities, then dried at 378 K for 24 h and stored in a desiccator for use. PCP (purity > 95%) was purchased from the Chemical Plant of Nankai University. All other organic and inorganic reagents used are of analytical grade (Tianjin Fuyu Fine Chemical Co., Ltd. and Shenyang Chemical Reagent Factory, China).
Methods
PCP loaded on the GAC was obtained by mixing 400 mL of PCP solution (2,000 mg/L) with 10.0 g pretreated GAC in 500 mL flasks. The flasks were sealed and placed in a thermostatic shaker (150 rpm, 298 K) for 4 days to obtain equilibrium. The experimental apparatus mainly consisted of a DBD reactor and an AC high voltage power supply. The DBD reactor is shown in Fig. 1 , its ground electrode is a round metal net with a diameter of 60 mm, the pretreated GAC is filled on the ground net electrode. The discharge electrode is placed onto a quartz barrier. The gap space between Fig.1 The structure of the DBD reactor (color online) the quartz barrier and the ground net electrode is maintained at a constant distance. The frequency of the power supply is 200 Hz and the voltage is adjustable from 0 kV to 50 kV. In this experiment, the discharge voltage is 20.4 kV, the treatment time is 60 min and the treatment amount of the GAC is 2.0 g, with 2 L/min O 2 injected into the DBD reactor.
Analysis
N 2 adsorption isotherms at 77 K were measured using an ASAP 2010 surface analyzer (Micromeritics). The surface area (S BET ) was calculated using the BET equation, and the micropore volume (V Micropore ) by the t-plot [19] . The total pore volume (V Totalpore ) was estimated to be the liquid volume of N 2 at a relative pressure of about 0.99 and the micropore area (S Micropore ) was estimated accordingly. The measurements of thermogravimetric (TG) and differential thermogravimetric (DTG) of the GAC samples were carried out using a Shimadzu DT 50 thermal analyzer. The TG and DTG were performed under air, using 2.0∼6.0 mg samples and a heating rate of 10 K/min. The studied temperature range was 573∼1073 K. The surface physical morphology and the composition of GAC were determined by scanning electron microscopy (SEM, JSM-6360LV) and X-ray photoelectron spectroscopy (XPS), respectively. The identification of intermediates and decomposition products were studied using an Agilent 6890N gas chromatograph (GC) coupled with an Agilent 5975 mass selective (MS) detector. Before and after DBD treatment, the adsorption equilibrium isotherms of PCP on the GAC were measured according to the method presented by Abdul and Campbell [20] for the evaluation of adsorption capacity.
3 Results and discussion
Fig . 2 shows the adsorption/desorption isotherms of the virgin GAC, saturated GAC (exhausted GAC) and DBD treated GAC samples for N 2 at 77 K. The isotherms consist of adsorption and desorption curves whose shapes are related to the structure of the GAC. It shows that the shapes of these isotherms are similar. All the isotherms are a type I curve according to the IUPAC classification [21] , which represents GAC containing abundant micropores. It can be seen from Fig. 2 that the isotherm for saturated GAC is clearly located under that for virgin GAC, and the isotherm of DBD treated GAC is higher than that of virgin GAC, which indicates a portion of PCP on saturated GAC can be removed after DBD plasma treatment, and may cause changes in the pore structure of GAC. Additionally, the areas enclosed by adsorption and desorption isotherms have a remarkable change. For the saturated GAC, the adsorption/desorption isotherms almost coincide because the presence of PCP N 2 could not enter the inner holes of the GAC. The physical properties of GAC such as the S BET , V Micropore and V Total pore were given in Table 1 , significant differences can be observed between the structural properties in the DBD plasma treated sample and those in virgin GAC. After the DBD plasma treatment, the sample gets a larger S BET , S Micropore , V Micropore and V Total pore than the virgin GAC sample. These changes in physical properties of GAC after DBD plasma treatment are very favorable for the re-adsorption and reuse of GAC.
Thermogravimetric (TG) analysis
In order to investigate the desorption behaviour of PCP adsorbed on GAC and the influence of adsorbed PCP on its thermal stability, a TG experiment was set up. The temperature profile had an isothermal part of 10 min at 388 K, and the heating rate was set to 10 K/min. To obtain a clear picture of the behavior of the adsorbed PCP and the GAC-PCP interaction, the TG curve of the GAC was subtracted from the curve of the mixture of GAC+PCP. Furthermore, the TG curve was set to 100wt% (wt%, it is called weight percent) after the isothermal part was set at 388 K so as to exclude free adsorbed water from the total mass. Hereby the mass loss in the TG curve was narrowed to the volatilization of PCP and more intense adsorbed water. The obtained TG curve, together with its DTG curve was presented in Fig. 3 .
The TG curve shows that three carbon samples have sharp peaks appearing at 800∼900 K, and the DTG curve corresponds to an endothermic peak. The saturated GAC and DBD treated GAC have basically the same weight loss temperature, and the DTG curves are also similar. In addition, the weight loss rate of saturated GAC and DBD treated GAC samples are faster than that of virgin GAC, this may be caused by the escape of PCP and the small molecule degradation products on the GAC. The weight loss of virgin GAC comes mainly from burnt material, with impurities in the GAC pore, such as that escaped from ash. From the weight loss rate of three kinds of carbon samples, it is found that the weight loss of saturated GAC is the most, on the contrary, the weight loss of DBD treated GAC is the least, which is because the reduced PCP residue is on GAC after DBD plasma treatment.
(a) TG curve, (b) DTG curve Fig.3 Thermal behaviors of virgin GAC, saturated GAC and DBD treated GAC samples (color online)
Scanning electron microscopy (SEM)
A SEM technique was employed to characterize the surface morphology of the GAC samples. Fig. 4 shows the SEM photographs of virgin GAC, saturated GAC and DBD treated GAC samples under the optimum operating condition with 10,000 magnifications. It can be seen from the micrographs that the external surface of virgin GAC is fairly smooth with less cracks and voids (Fig. 4(a) ), whereas for the sample saturated with PCP, the deposition of PCP on the surface of the GAC is clear (Fig. 4(b) ). The image of DBD treated GAC shows irregular and heterogeneous surface morphology (Fig. 4(c) ). 
X-ray photoelectron spectroscopy (XPS) surface element analysis
XPS is regarded as a useful tool for analyzing the surface properties of the sample including its element type and chemical state. Fig. 5 shows the high resolution Cl 2p XPS spectra of the saturated GAC and DBD treated GAC. It can be seen that the Cl 2p spectra span over a broad energy range from 198.0 eV to 205.0 eV, which can be fitted into two peaks for the saturated GAC and DBD treated GAC. The binding energy and relative content of Cl from the XPS survey spectra were also listed in Table 2 . The first peak at 200.8 eV is assigned to the Ph-Cl, the second peak at 202.4 eV can be attributed to C-Cl bonds [22] . It can be seen from 
Identification of intermediates by GC-MS
For the saturated GAC sample, PCP, chlorophenol ramification and some impurity peaks were detected. But in analyzing the DBD treatment sample, the chromatographic peaks of components in the by-products were shown in Fig. 6 . It can be found that besides the components mentioned above, two main dechlorination intermediate products, tetrachlorophenol and trichlorophenol, are distinguished and a minor amount of dehydroxylation product, trichlorobenzene (TriCB) is also identified. Since PCP could react with groups of GAC, the chlorophenol ramifications are also detected. Because the active species generated by DBD have a high oxidation potential, it is sufficient for the rupture of chemical bonds [23] . Furthermore, the pyrolysis and ultraviolet radiation along with the DBD can also account for the decomposition of PCP loaded on GAC. Based on the identified by-products, the degradation pathways of PCP on GAC by DBD plasma were proposed in Fig. 7 . The formation mechanisms for the major intermediates can be imagined via bond cleavage and recombination [24] . During this course, tetra-and trichlorophenols as major intermediates are formed by a sequential dechlorination of PCP, and trichlorobenzenes as minor intermediates are produced by a sequen-tial dehydroxylation or/and dechlorination. XPS analysis also indicates that the Cl 2p peaks are significantly decreased after the DBD plasma treatment, which also confirms the inference that the major intermediates are formed by a sequential dechlorination of PCP. Fig.7 Degradation pathways of PCP loaded on GAC after DBD plasma treatment
The adsorption kinetics of PCP on GAC
The kinetics of adsorption describes the rate of PCP uptake on the GAC, which controls the equilibrium time. The kinetic parameters are helpful for the prediction of adsorption rate, which gives important information for designing and modeling relevant processes. The kinetics of adsorption data were analyzed using two different kinetic models: the pseudo-first order and pseudo-second-order equations.
The pseudo-first-order kinetic model has been widely used to predict adsorption kinetics. The model given by LANGERGREN and SVENSKA [25] is defined as:
After integration of Eq. (1) with reference to boundary conditions q = 0 at t = 0 and q = q e at t = t, Eq. (1) becomes:
The pseudo-second-order equation based on equilibrium adsorption is expressed as [26] :
After integration of Eq. (3) with reference to boundary conditions q = 0 at t = 0 and q = q e at t = t, Eq. (3) becomes:
where q e (mg/g) and q t (mg/g) are respectively the amounts of PCP adsorbed onto per unit mass of GAC at equilibrium and at any time t (min). k 1 (1/min) and k 2 (g/mg/min) are the rate constants of the pseudofirst-order and pseudo-second-order adsorptions, respectively.
A comparison between experimental data with the two model for the PCP adsorption of virgin GAC and DBD treated GAC samples is shown in Fig. 8 , and the estimated parameters values are presented in Table 3 . As shown in Table 3 , these two models, the pseudo-first order and pseudo-second order kinetic equations, have high R 2 values (greater than 0.985) for virgin GAC and DBD treated GAC samples, which indicates that the adsorption of PCP on virgin GAC and DBD treated GAC are described well by both models, the pseudosecond-order and the pseudo-first order model. Therefore, both models can be used for the prediction of the kinetics of adsorption of PCP on virgin GAC and DBD treated GAC samples. Fig.8 The fitting of experimental results with different kinetic models for PCP on virgin GAC and DBD treated GAC samples 
The adsorption isotherms of PCP on GAC
Non-linear analysis of isotherm data is an interesting mathematical approach for describing adsorption isotherms at a constant temperature for water and wastewater treatment applications and for predicting the overall adsorption behavior of DBD treatment of GAC for PCP removal.
Two commonly used two-parameter isotherm models, LANGMUIR [27] and FREUNDLICH [28] were employed in the present study. The nonlinear Langmuir and Freundlich isotherms are represented by Eqs. (5) and (6) below:
where C e (mg/L) is the equilibrium concentration, q e (mg/g) is the amount of PCP adsorbed at equilibrium, K F (mg/g)(L/mg) 1/n is the Freundlich adsorption constant and 1/n is a measure of the adsorption intensity, Q 0 (mg/g) and b (L/mg) are Langmuir constants related to adsorption capacity and energy of adsorption, respectively.
The isotherms of PCP on virgin GAC and DBD treated GAC samples predicted by the two models were plotted in Fig. 9 . All the correlation coefficient, R 2 values and the constants obtained for the models were summarized in Table 4 . As shown in Table 4 , the Freundlich isotherm generates a satisfactory fit to the experimental data. However, the Langmuir isotherm shows a better fit to the adsorption data than the Freundlich isotherm in the adsorption of PCP on virgin GAC and DBD treated GAC samples. The values of the maximum adsorption capacity determined by the Langmuir model is 259.33 mg/g and 270.19 mg/g for virgin GAC and DBD treated GAC, respectively. These values are close to the experimental adsorbed amounts and correspond closely to the adsorption isotherm plateau, and the model was thus considered acceptable.
Conclusions
The results obtained in this study show that most of the PCP adsorbed on GAC is removed by DBD plasma. The types of N 2 adsorption isotherm of GAC are not changed by DBD plasma, while the specific surface area and pore volume increase after DBD plasma treatment, which implies that saturated GAC is regenerated by DBD plasma. Most of the PCP adsorbed on GAC is decomposed into dechlorination and dehydroxylation intermediate products by the DBD plasma. The pseudo- Fig.9 The fitting of experimental results with different isotherm models for PCP on virgin GAC and DBD treated GAC samples (temperature: 298±1 K) second-order and pseudo-first order models can be used to describe the adsorption of PCP on virgin GAC and treated GAC samples, and the Langmuir isotherm model has a better fit to the adsorption isotherm data than the Freundlich isotherm in the adsorption of PCP on virgin GAC and treated GAC samples.
